The Australian crocodile industry is a new and emerging industry based primarily on the production of skins from the saltwater crocodile (Crocodylus porosus). For this industry to meet the demand for a high-quality product, the incorporation of a genetic improvement program into farm management is essential. The program will be based on the selection of candidates according to their own and their relatives' phenotypic performances for selection criteria related to defined selection objectives (Isberg et al. 2003) . Obviously, the implementation of a successful breeding program will require correct pedigrees. Errors in assigned parentage may lead to incorrect genetic evaluation of candidates, resulting in real genetic improvement being less than expected (Visscher et al. 2002) .
Only a small number of adult crocodiles on Australian crocodile farms are kept in unitized breeding pens (one male: one or two females). The majority of adults are maintained in breeding lagoons containing many males and females (Webb 1989) . In these situations, matings are neither observed nor recorded. It would be advantageous for industry, and for the success of a genetic improvement program, to include these animals and their offspring in a multitrait selection program.
A common method of marking a crocodile for identification is to cut scutes in a unique sequence. Scutes are vertical, triangular osteoderms on the dorsal midline of the posterior tail that bifurcate into two rows of more laterally flattened scales in about the middle third of the tail and continue cranially (Richardson et al. 2002) . In captive breeding, this method of marking is usually done on the day of hatch. This method, as described by Richardson et al. (2002) , is one of the few permanent and practical identification methods available, although it is not without problems. Errors can result from incorrect cutting of the scute sequence at hatch, reading the numbers incorrectly later, or the changing of numbers over time due to the regrowth of incorrectly cut scutes. Other methods include toe tagging and microchips, which have their own disadvantages.
If parentage errors are relatively high, the success of a multitrait selection program utilizing records from relatives will be seriously compromised. Previously published microsatellite markers for crocodiles (FitzSimmons et al. 2001) have enabled a parentage determination kit to be assembled and evaluated in this study. The markers evaluated provide an indispensable complement to a selection program for farmed saltwater crocodiles, enabling confirmation of the pedigree records of juveniles from pens of known parents. Further, they widen the scope of the program by enabling the pedigrees of offspring produced from mass matings in lagoons to be deduced.
Materials and Methods

Animals and Sampling
One hundred thirty-nine individuals were sampled from Janamba Croc Farm (Northern Territory, Australia). There were 16 known family groups consisting of 32 parents, with an average of 6.7 offspring per family. Parents were longterm, known-breeding pairs housed in unitized pens. The parents were wild-caught, and there was no evidence of relationship among them. Offspring from these pairs were collected as clutches of eggs, developed in an incubator, and uniquely marked at hatching by scute cutting. With use of clutch-specific scute cuts for identification, blood for DNA preparation was collected at various opportunities during the production system (either at the end of their first year or at slaughter). Blood samples were taken from eight adults and all of the juveniles by the occipital venous sinus technique described by Lloyd and Morris (1999) , and tissue samples were taken from the remaining adults with a specifically designed biopsy punch at any accessible location along the tail.
Experimental Protocol
We extracted DNA, using standard phenol/chloroform protocols (Sambrook et al. 1989) . Fifteen of the 26 microsatellites developed by FitzSimmons et al. (2001) were randomly chosen for this study with primer sequences shown in Table 1 . For every microsatellite locus, the amplification reaction took place in a total volume of 15 ll. PCR reagents included 1 unit of Taq DNA polymerase (various sources), 13 PCR buffer (Promega), and final concentrations of 0.1 mM dNTPs, 0.3 mM each of forward and reverse primer, and 1.3-3.3 mM MgCl 2 and approximately 50-100 ng of template DNA. Standard PCR conditions included a touchdown protocol with an initial denaturation at 958C for 15 min; then three cycles of 958C for 40 s, 638C for 1 min, and 72 8C for 1 min 30 s; then five cycles of 958C for 40 s, 618C for 1 min, and 728C for 1 min 30 s; and then 35 cycles of 958C for 40 s, 598C for 1 min, and 728C for 1 min 30 s, finally being held at 728C for 20 min. We ran PCR products on a denaturing 6% polyacrylamide gel, using an ABI 373 sequencer (Applied Biosystems), and alleles were scored with GeneScan and Genotyper software (Applied Biosystems).
Microsatellite and Population Genetic Analysis
Initially, only the parents were evaluated for all 15 markers to determine the degree of polymorphism. Only those loci with two or more alleles were included in the population genetic analysis.
Tests of linkage disequilibrium between loci were done with Arlequin 2.000 (Schneider et al. 2000) . Allele frequencies for each locus were estimated with Cervus 2.0 (Marshall et al. 1998) , as were the probabilities of exclusion. Cervus was used for parentage testing, with a typing error rate of 0.01, and strict and relaxed confidence levels specified as 95% and 80%, respectively. Of the estimated 250 breeding animals on Janamba Croc Farm, only 32 parents were sampled (12.8% of the Janamba population), and each had all 11 loci typed. There were three ways in which Cervus 2.0 was used to assign parentage for this study. First, since the family groups used in this study came from unitized breeding pens where males and females are permanently paired, the markers were used to confirm correct data entry, scute cutting, and animal identification, since mating errors were not possible. To simulate a situation in which parentage is unknown, such as in the breeding lagoons, two scenarios for parentage assignment were tested: (1) identifying the male parent when the female is known, and (2) identifying either parent with no prior knowledge of the other.
Results
Of the 15 loci evaluated, only 11 were genotyped on all available samples. C391 did not amplify under conditions recommended by FitzSimmons et al. (2002) or various other 
conditions tried. Cj35, CUJ-131, and CU4-121, although scored for the adult samples, were considered insufficiently polymorphic for inclusion in a parentage determination kit, with each revealing only two alleles in the population sampled.
Descriptions for each locus are in Table 2 . The number of alleles detected ranged from two to 16 (average 5.1), while the effective number of alleles ranged from 1.3 to 6.5 (average 2.9). Genotype frequencies of the adult animals were within expectations of Hardy-Weinberg equilibrium at each locus (P . .05), with the exception of Cj104 (P ¼ .032). However, this locus was kept in the analysis because minor deviations from Hardy-Weinberg equilibrium at few loci are unlikely to bias likelihood estimates considerably across all loci (Marshall et al. 1998 ). In addition, because only 32 wildcaught adults from various locations were sampled, these animals may not represent a sample from a natural population of the Australian saltwater crocodile. Tests of pairwise linkage disequilibrium were significant for six from 120 tests, equivalent to the number expected by chance alone. Cj127 was the most informative locus, with a probability of exclusion of .705, while the least informative was Cj122 (probability of exclusion ¼ .10). Considering all 14 loci, the combined probability of excluding the second parent when the first is known was 99.88%, and the probability of excluding the first parent when neither parent is known was 97.42%. After omitting the three loci that displayed only two alleles, the average probability of exclusion when one or neither parent is known is 99.80% and 96.78%, respectively.
Parentage Assignment
Using the 11 markers, 5.6% of the juveniles were found to have genotypes incompatible with their recorded parentage. These individuals were retested to confirm the incompatibilies were not due to sample misidentification. In each case, the genotypes of at least four loci excluded these parents. Thus, the animals must have been marked incorrectly when the scutes were cut, the scutes must have been read incorrectly, or the scute cut sequence must have been modified by biting. Laboratory errors cannot be excluded, but great care was taken with labeling and identification of samples. The multiple locus exclusion in each case means that mutation need not be considered as a reason for incompatible genotypes. These animals were omitted from analyses aimed at predicting parentage, because the adults sampled came from unitized pens of known-breeding pairs. No other adult crocodiles on the farm were sampled, so the true parents could not be identified.
Simulating a Situation in Which One or Neither Parent is Known
Female parent is known
In some situations, the female parent of a clutch could be identified when one collected the eggs, because of maternal nest protection behavior. In these situations in which the mother was known, Cervus 2.0 (Marshall et al. 1998) provided the option of specifying one parent as known. All For each locus, the number of alleles (k) and size range (Size) detected, effective number of alleles (N A ), heterozygosity observed (H O ) and expected (H E ), and probability of exclusion were calculated. a Only the parents were evaluated, because of PCR optimization difficulties.
b Marker did not amplify under any conditions tested.
16 males were then treated as potential fathers. For 99 of the juveniles used in this simulation, the known father was designated the most probable father. However, for two of 101 juveniles, the most probable father assigned was known to be incorrect. In these two cases, the true father, known to be located in the same pen as the mother, was the second most likely.
Neither parent is known
In some cases, the mother cannot be identified when the eggs are collected from the nest. To simulate a situation in which neither parent is known, the assignment of parentage was divided into two parts. First, the most likely parent was predicted from all possible parents available. For the animals used in this analysis, 100% were assigned correctly to the most likely parent. Second, the analysis was rerun with the most probable parent specified as known, after excluding all other potential parents of the same gender as the known parent. Again, all except for the two juveniles mentioned above, were assigned their correct other parent as the most probable other parent.
Cervus 2.0 uses a logarithm of the likelihood ratio (LOD score), as described by Marshall et al. (1998) to identify the most likely parent. After evaluation of the likelihood of each possible combination of parents for a given offspring, the resulting LOD score produced for each possible parent is ranked, and the parent with the highest LOD score is considered the most likely parent ( Jones and Ardren 2003) . Because parentage allocation is achieved with exclusion probabilities, a higher probability is given to a potential parent that is homozygous for the alleles present in the offspring across the greatest number of loci. Therefore, including extra microsatellites, even the three lowly informative markers, may have given the extra exclusion power required for 100% correct filiation. Alternatively, genotype information from siblings within the same clutch could be used to provide extra information about the true father's genotype.
Discussion
Pedigree errors were shown to occur in 5.6% of cases tested in this study. This is within the ranges of pedigree errors revealed in other animal industries (8.7%-15.5% in sheep: Barnett et al. 1999 ; 2%-22% in cattle: references within Visscher et al. 2002 ) using microsatellite markers. The parentage errors detected in this study could have resulted from incorrect scute identification or, less likely, from sample misidentification, because the adults sampled were from known unitized breeding pens where mating errors were not possible. The 11 microsatellites evaluated in this study provide sufficient power (99.80%) to be useful in a parentage determination kit to confirm parentage of offspring from unitized breeding pens for selection as future breeding animals.
Not all of the adults on the study farm were sampled. Thus, the true parents of these 5.6% of misassigned individuals could not be determined. The remaining adults on the study farm had unrestricted and unobserved choice of mates. These 11 microsatellites have shown adequate exclusionary power to determine parentage of these clutches retrospectively. This finding will provide the opportunity to include the progeny from animals maintained in uncontrolled lagoon breeding situations to be included in a multitrait selection program. The possibility of multiple paternities in clutches from lagoons may require a greater power of exclusion, which would be provided by using more loci.
